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Individual Variability in Human Tibia Lead Concentration
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Environmental and occupational exposures
to lead continue to be widespread public
health concerns and the subjects of much
study. Exposure to lead is usually assessed by
the measurement of lead in whole blood, but
blood lead reflects only recent exposure
because the biological residence time of lead
in blood is approximately 1 month (1). The
body’s largest repository for lead is the skele-
ton (2,3), wherein the residence time of lead
is of the order of years (1,4); thus bone lead
is a good surrogate for lifetime exposure (5).

There are few studies of the distribution
of lead in the human skeleton using instru-
mental analytical methods, such as elec-
trothermal atomization atomic absorption
spectrometry (ETAAS). Wittmers et al. (6)
measured lead concentrations in several
human bones, including the tibia, from 134
hospital autopsies. They found no linear rela-
tionship between bone lead concentration
and the location along the diaphysis. The
authors reported bone lead concentrations in
micrograms per gram of ashed bone because
sample pretreatment included a dry-ashing
step in which bone material was oxidized to
ash using a muffle furnace. Parsons et al. (7)
reported lead concentrations in the long
bones of lead-dosed animals. They found no
clear trend in lead distribution along a single
20-cm bovine tibia. The bone lead data of
Parsons et al. (7) were reported in micro-
grams per gram dry weight because dried
bone material was digested (wet ashed) in
concentrated nitric acid. Conversion of bone
lead concentrations based on ash weight into
concentrations based on dry weight requires

data on the percentage of ash in a given sam-
ple. Zong (8) reported detailed measure-
ments of lead-dosed goats and found that the
lead concentration in some goat tibiae
increased toward the proximal and distal
ends of the tibia. However, no consistent pat-
tern was found in the few animals studied.
One aim of our study was to determine
whether adult human tibiae yielded more
consistent observations.

Bone can be broadly divided into two
types: cortical and trabecular. The mid-
shafts (diaphyses) of long bones tend to be
predominantly cortical or compact, while
the ends (epiphyses) are characteristically
more trabecular or spongy. The percentage
by mass of calcium is less in trabecular bone
than that in cortical bone (9). Lead in bone
can be measured noninvasively and in vivo
using 109Cd-based K-shell X-ray fluorescence
(KXRF) (10). Results of 109Cd-based KXRF
are reported in micrograms of lead per gram
of bone mineral because the lead signal is
normalized to the signal that arises from
elastic scatter of the 109Cd γ-rays off the
(principally) calcium and phosphorous in
the bone matrix (11). It has been reported
that the ends of tibiae give higher 109Cd-
based KXRF results than the mid-shaft (12),
probably because of the lower mineral con-
tent at the more trabecular ends of the tibia.
This behavior might itself be dependent on
the exposure history of the subject (environ-
mental or occupational exposure, duration
of exposure, and presently exposed or
exposed in the past). Another aim of our
study was to examine the proximal–distal

variation in ETAAS-measured human tibia
lead concentration.

Finally, a small number of reports have
shown higher bone lead concentrations in the
outer surface of bone (13,14). This observa-
tion has consequences for the interpretation
of comparisons between the two in vivo
bone lead techniques: LXRF, which mea-
sures lead within 1–2 mm of the tibia sur-
face, and KXRF, which measures the average
lead concentration throughout the entire
cross-section of tibia (but weighted primarily
from the tibia surface).

Materials and Methods

Bone sample preparation and digestion. We
obtained 10 adult legs (nine left and one
right, from three females and seven males)
from human cadavers donated to medical sci-
ence in accordance with the Mount Sinai
School of Medicine institutional guidelines.
The legs, which had previously been separated
from the cadaver above the knee, were
received intact (i.e., no skin or soft tissue had
been removed) and were fixed in formalde-
hyde. In accordance with institutional confi-
dentiality policies, the age, cause of death,
medical history, and occupational history of
the subjects were unavailable. Each leg was
dissected and overlying tissue removed, expos-
ing the tibia, which was extracted using a
Model 810 reciprocating autopsy saw
(Stryker, Kalamazoo, MI). The extracted tib-
iae extended to 10 cm both above and below
the proximal–distal (approximate) midpoint
of the bone shaft. Bone marrow and soft tis-
sue adhering to the tibiae were removed using
a scalpel followed by a bone scraper. Each
bone was washed with methanol and then
with hydrogen peroxide solution (to remove
blood and extraneous tissue deposits); finally,
each bone was washed with deionized water.
Each bare tibia was divided into nine 2-cm
cross-sections using a power tool equipped
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Our aims in this study were to determine proximal–distal variability in adult human tibia lead
concentration via electrothermal atomization atomic absorption spectrometry (ETAAS) and to
determine whether there were any differences between core and surface tibia lead concentrations.
We analyzed duplicate core and surface tibia samples for lead at multiple proximal–distal sections
on 10 adult human cadaver legs. Dried bone samples were digested in nitric acid using
microwave-assisted heating, and lead content was determined by ETAAS with Zeeman back-
ground correction. Lead concentrations in nine tibiae (one tibia was excluded because some of the
data were compromised) ranged from 3.1 to 27.9 µg lead/g of dry bone. Both core and surface
tibia lead concentrations were lower at the proximal and distal ends of the tibia. Surface tibia lead
was approximately 5 µg/g greater than core tibia lead in six tibiae with relatively low lead concen-
tration, and 8 µg/g greater in three tibiae with relatively high lead concentration. The difference
between core and surface tibia lead was independent of proximal–distal tibia location. We con-
clude that these nine human tibiae showed a greater surface tibia lead concentration than core
tibia lead concentration. This observation has consequences for the noninvasive measurement of
tibia lead via K-shell and L-shell X-ray fluorescence. Key words: atomic absorption spectrometry,
bone lead, lead poisoning. Environ Health Perspect 109:1139–1143 (2001). [Online 23 October
2001] http://ehpnet1.niehs.nih.gov/docs/2001/109p1139-1143todd/abstract.html



with diamond disk blades. A diagram of the
sampling protocol is shown in Figure 1. The
outer 1–2 mm of superficial bone were
removed in several slices per section using the
diamond disk saw following the irregular
shape of the tibia cross-section. We divided
the bone samples into two groups for dupli-
cate measurements of core and surface lead
content. One tibia was excluded from the sta-
tistical analysis because a laboratory incident
during sample preparation compromised
some of the lead measurements. (However,
inclusion of the limited data from this tibia
did not alter the results or conclusions.)

Tibia core and surface bone samples
were freeze-dried overnight (VirTis Unitop
200/Freezemobile 6; The Virtis Company,
Inc., Gardiner, NY) to remove any residual
traces of water (from pretreatment with
hydrogen peroxide and deionized water) and
so we could report bone lead results based
on dry weight. Each core or surface sample
was completely “dissolved” in concentrated
nitric acid (Instra-Analyzed, trace element
grade; J. T. Baker, Phillipsburg, NJ) using a
modified procedure based on microwave-
assisted heating. This modified procedure

was effective in homogenizing calcified bone
material. The homogenization protocol
(hereafter called digestion) was validated
against National Institute of Science and
Technology (NIST, Gaithersburg, MD)
Standard Reference Materials (SRM) 1486
bone meal and SRM 1400 bone ash.
Validation data are provided in Table 1.

Bone cores (≈1–7 g) were digested in 20
mL HNO3 using a Model 81D microwave
digestion system (MDS) (CEM Corporation,
Matthews, NC) equipped with 120-psi
Teflon-PFA vessels. We removed the vessels’
pressure relief disks to prevent pressurization;
this modification permits microwave-assisted
heating at atmospheric pressure and reduces
the potential for uncontrolled exothermic
reactions when biological materials are heated
in concentrated HNO3 with microwave radi-
ation (15). Because the MDS 81D oven can
accommodate only 12 vessels, each batch con-
sisted of nine bone core samples, two quality
control samples (SRM 1486 and 1400), and
one digestion blank. We used an optimized
two-step heating program with the Model
81D—15 min at 30% power (180 W) fol-
lowed by 60 min at 20% power (120 W)—

that produced clear digests. The digestate was
further diluted to 40 mL with double deion-
ized water; upon standing, a lipid (fat) layer
formed at the surface of some samples. The
lipid layer was physically disturbed using a
clean plastic pipette tip to permit sampling
the clear digest for lead measurements.

Surface materials (≈0.5–2 g) were digested
in 10 mL concentrated HNO3 using a Model
2100 MDS (CEM Corporation). The Model
2100 was equipped with a high-throughput
sampling accessory that can accommodate up
to 30 standard polypropylene conical sample
tubes (50 mL). For this approach, sample
tube caps were modified with a small vent
hole to prevent internal pressurization and to
allow digestion at atmospheric pressure. For
each batch of surface materials, two positions
were reserved for quality control materials
(SRM 1486 and 1400) and one for the diges-
tion blank, leaving 27 positions available for
bone samples. An optimized two-step heating
program was used: 15 min at 30% power
(285 W) followed by 60 min at 20% power
(190 W). We did not use the MDS 2100
fiber-optic temperature probe with this appli-
cation. Digests were diluted to 20 mL with
double deionized water. As observed with the
core samples, a layer of fat formed with some
surface samples.

Lead determination in bone digests. Lead
was determined in diluted acid digests by
ETAAS, and bone lead concentrations are
reported in micrograms per gram dry weight.
The accuracy and precision of the ETAAS
method have been described elsewhere (16).
In brief, we measured lead using a Perkin-
Elmer model Z5100 ETAAS instrument
equipped with transverse Zeeman-effect
background correction (Perkin-Elmer,
Norwalk, CT). A Zeeman system is very
robust and easily able to correct for back-
ground absorption arising from the bone
matrix. The reported method detection limit
(3σ) is 0.6 µg/g (16). Typical day-to-day pre-
cision is < 5%. Accuracy has previously been
established to be > 1% on the basis of analy-
ses of NIST SRM 1400 bone ash (9.07 µg/g
ash weight) and SRM 1486 bone meal
(1.335 µg/g). We used SRM 1400 and SRM
1486 for quality control in this study (Table
1) because they are the only bone reference
materials available that have a certified lead
content.

Articles • Todd et al.

1140 VOLUME 109 | NUMBER 11 | November 2001 • Environmental Health Perspectives

Table 1. Validation data for bone digestion using microwave-assisted heating at atmospheric pressure coupled with lead determination by ETAAS.

Mean SD Minimum Maximum Certified valuea

NIST SRM/oven (µg/g) (µg/g) RSD (µg/g) (µg/g) No. (µg/g)

1400 bone ash/CEM 81D 9.2 0.9 9.7% 7.3 10.4 21 9.07 ± 0.12
1400 bone ash/CEM 2100 9.3 0.4 4.7% 8.7 9.9 20 9.07 ± 0.12
1486 bone meal/CEM 81D 1.47 0.21 14.3% 1.11 1.89 21 1.335 ± 0.014
1486 bone meal/CEM 2100 1.48 0.05 3.6% 1.41 1.54 20 1.335 ± 0.014

RSD, relative standard deviation.
aSRM uncertainty is defined to be the half-width of the 95% confidence interval for the mean.

Figure 1. Schematic representation of the sampling protocol.
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Statistical methods. Statistical analyses
were performed with SAS software (SAS
Institute, Cary, NC). We examined box-
plots of average core and surface concentra-
tions (averages were examined instead of the
individual duplicates because mixed models
with the latter would not converge) for sym-
metry and any “extreme” outliers (an obser-
vation more than three interquartile ranges
from the 25th or 75th percentiles). Because
there were no extreme outliers, all data were
therefore retained and are included in the
results. We used the Kolmogorov-Smirnov
test to assess normality and Levene’s test to
assess the homogeneity of variances of the
core and surface concentrations obtained at
each of the nine proximal–distal locations.

We performed variance component
analysis using restricted maximum likelihood
estimation (17). Both core and surface lead
concentrations were modeled as quadratic
functions of proximal–distal location, and
equations for comparing average core and
surface concentrations among tibiae with
high and low lead concentrations were esti-
mated using growth curve analysis (18) to
account for the correlation between measure-
ments made within the same tibia. (The tib-
iae fell into two groups of relatively high and
relatively low lead concentrations.) Akaike’s
Information Criterion and Schwarz’s
Bayesian Criterion (17) were used to deter-
mine which covariance structure best fit the
data.

We compared the trends in average
atomic absorption spectrometry (AAS) core
and surface concentrations over proximal–
distal locations among tibiae with both high
and low lead concentrations, giving four
equations (both core and surface for both
high and low lead concentration tibiae). We
also tested equality of both the linear and the
quadratic location term coefficients of the
four equations. When the linear location
term coefficients were not significantly dif-
ferent, the four equations were estimated
with equal linear location term coefficients.
Similarly, when the quadratic location term
coefficients were not significantly different,

the four equations were estimated with equal
quadratic location term coefficients. Group
comparisons were Tukey-adjusted to prevent
the inflation of the Type I error rate that is
introduced by multiple comparisons.

We looked for contiguous inhomogene-
ity (“hot spots”) in the distribution of lead in
the tibiae by calculating the extreme studen-
tized deviate of the differences between the
tibia lead concentrations at adjacent locations
via a test of the highest and the lowest differ-
ences (19) and via Grubb’s procedure (20), a
test of the largest differences of either sign.

Results

Analytical issues. Table 1 shows data for the
two NIST SRMs analyzed using the two dif-
ferent microwave digestion systems. There
was no significant difference between the two
microwave digestion procedures (CEM 81D
and CEM 2100 with the high throughput
accessory). There was good agreement
between values found by ETAAS and the cer-
tified value for SRM 1400 bone ash (9.07
µg/g), but for SRM 1486 bone meal (1.335
µg/g), there was a small but statistically sig-
nificant positive bias (p < 0.004) for both the
CEM 81D (1.47 µg/g) and CEM 2100 (1.48
µg/g) microwave digestion procedures. This
small bias (< 0.2 µg/g) is analytically insignif-
icant, if not statistically insignificant, given
that the certified lead concentration of SRM
1486 is close to the ETAAS method detec-
tion limit. Interestingly, the precision of the
Model 2100 with the high throughput acces-
sory is much better than the older Model
81D MDS (for both bone ash and bone
meal; F-test p-value < 0.001). Nevertheless,
the absence of a significant difference
between values found for NIST SRMs using
the two microwave digestion systems, cou-
pled with reasonable agreement between
found and certified values, provides adequate
validation of the modified procedure as a
homogenization tool.

Table 2 shows the mean of duplicate
ETAAS measurements of tibia core and sur-
face lead concentrations made at the mid-
point and at the ends of the dissected tibia

cross-sections. Standard deviations (SD) of
the duplicates are not shown because of a lack
of robustness based on n = 2; however, the
precision and reproducibility of the technique
have been rigorously quantified elsewhere
(16). Agreement between the duplicates is
addressed in the variance component analysis.

Variance component analysis of ETAAS
measurements. Variance component analysis
was performed on the duplicate measure-
ments of core and surface concentrations sep-
arately to determine the sources of variability
for all nine tibiae. The variability (SD) of
core concentrations attributable to proxi-
mal–distal location was 0.9 µg/g (p < 0.0001)
and that attributable to tibiae was 4.7 µg/g (p
< 0.0001). The variability of the core dupli-
cates was not significantly different from zero
(p = 0.82). Both the variability attributable to
proximal–distal location and the variability of
the core duplicates were less than the residual
variability (1.1 µg/g), indicating that neither
contributed much to the total variability in
the bone core concentrations.

The variability (SD) of surface concentra-
tions attributable to proximal–distal location
was 1.0 µg/g (p < 0.0008) and that attribut-
able to tibiae was 7.0 µg/g (p < 0.0001). The
variability of the surface duplicates was esti-
mated to be 0.9 µg/g (p = 0.10). Both the
variability attributable to proximal–distal
location and the variability of the surface
duplicates were less than the residual variabil-
ity (2.1 µg/g), indicating that neither con-
tributed much to the total variability in the
bone surface concentrations.

Modeling of core and surface tibia lead
concentrations. Neither the average of the
duplicate core measurements (AvgCore) nor
the average of the duplicate surface measure-
ments (AvgSurf) were normally distributed.
Stem-and-leaf plots indicated that AvgCore
and AvgSurf were bimodally distributed,
suggesting two groups of tibiae, one with rel-
atively high (core concentrations > 10 µg/g)
and the other (tibiae 2, 3, 4, 6, 9, and 10 in
Table 2) with relatively low core lead con-
centrations. The six tibiae in the lower group
were from both sexes. AvgCore and AvgSurf
measurements were normally distributed
within the high and low groups. The vari-
ances of both AvgCore and AvgSurf within
each location were found to be statistically
homogeneous.

We used an autoregressive order (1)
covariance structure, which has the desired
property of having correlations that are
larger for locations that are near each other,
to model the correlation between measure-
ments taken at the nine proximal–distal
locations, and we used a compound sym-
metric covariance structure to model the cor-
relation between AvgCore and AvgSurf
measurements within a given tibia.
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Table 2. Mean core and surface tibia lead concentrations (µg/g) at the midpoint and ends of dissected
sections of nine adult human cadaver tibiae.

Proximal end (8 cm from Proximal–distal Distal end (8 cm from 
cross-section midpoint) cross-section midpoint cross-section midpoint)

Tibia number Core Surface Core Surface Core Surface

1 13.0 22.5 16.8 25.2 14.4 25.8
2 3.8 5.2 5.1a 8.5 5.4 6.4
3 6.7 11.8 8.9 14.2 8.8 16.7
4 9.0 16.5 10.3 23.0 8.2 20.2
6b 8.1 12.5 11.9 14.7 11.0 15.2
7 13.9 21.5 17.3 27.9 15.7 24.2
8 14.2 22.4 16.6 24.9 16.3 25.6
9 7.8 13.6 9.4 12.6 7.6 11.0
10 3.1 5.8 3.5 9.4 4.7 10.0
aOne replicate only. bTibia 5 was excluded from the analyses (see text). 



In model building, a nonlinear associa-
tion between tibia lead concentration and
proximal–distal location was indicated by sig-
nificant linear and quadratic “location”
terms. The “surface, core × high, low group”
interaction term was significant (p < 0.0001),
indicating that the intercepts for the four
equations (i.e., AvgCore in high-lead tibiae,
AvgCore in low-lead tibiae, AvgSurf in high-
lead tibiae, and AvgSurf in low-lead tibiae)
were significantly different. Neither of the
interaction terms, “surface, core × location ×
high, low group” or “surface, core × location2

× high, low group,” were significant (p =
0.88 and p = 0.08, respectively), indicating
that the relationship between tibia lead con-
centration and proximal–distal location did
not differ between the four groups with
regard to rates of change (i.e., the linear and
quadratic location term coefficients were not
significantly different).

The final model is shown in Table 3 and
Figure 2. The linear and quadratic location
terms were highly significant (p < 0.0001)
and indicate that tibia lead concentration
decreased toward the ends of the tibiae for
all four of the groups. Among the high-lead
group, the overall difference between surface
and core concentrations was 8.4 µg/g (SE =
1.3 µg/g; p < 0.0001; Table 4), as predicted
by the model for all proximal–distal loca-
tions. Among the low-lead group, the overall
difference between surface and core concen-
trations was 5.2 µg/g (SE = 0.9 µg/g; p =
0.0004; Table 4), as predicted by the model
for all proximal–distal locations. Figure 2
shows that the AvgCore of the high-lead tib-
iae was greater than AvgSurf of the low-lead
tibiae. However, the difference (3.1 µg/g)
was not significant (SE = 1.9 µg/g; p = 0.38;
Table 4). The significance of the comparison
between each of the groups is shown in
Table 4.

The ratio of core-to-surface lead concen-
trations for all locations combined is 0.64,
the SD is 0.13, and the SE is 0.01.

Evidence for contiguous inhomogeneity
(hot spots). When we compared locations
within the same tibia for local hot spots of
lead concentration, extreme studentized devi-
ates revealed six significant differences
between locations. Three of these significant
differences were in the core data, and one
tibia gave a significant difference between
adjacent locations in both its core and its sur-
face lead concentrations. All but one of these
significant differences were part of the trend
of decreasing tibia lead toward the ends of
the tibiae that was observed for both core and
surface tibia lead. The exception indicated a
localized low core tibia lead concentration
(i.e., a “cold” spot).

A test of the smallest and largest differ-
ences revealed no contiguous inhomogeneity

(i.e., no hot or cold spots) in the distribution
of tibia lead in either the core or the surface.

All of the differences revealed by Grubb’s
procedure were consistent with the trend of
decreasing lead concentration toward the ends
of the tibia and did not indicate any contigu-
ous inhomogeneity in bone lead distribution.

Discussion

The cadaver tibia lead concentrations
observed are consistent with the typical con-
centrations reported in the literature for
environmentally exposed adults (21). It is,
however, the variability within each sample
that is the focus of this work. Nevertheless,
our results might be applicable only to a
population that is not currently exposed.

Analytical issues. Ideally, each bone sam-
ple would have been homogenized into a

fine powder using a ball mill and the pow-
dered material sampled for subsequent lead
determinations. This is clearly impractical
for large numbers of bone samples such as
analyzed here. As an alternative, each sample
was completely dissolved in concentrated
nitric acid using a modified procedure based
on microwave-assisted heating. Although
this modified procedure was effective in
homogenizing calcified bone material, com-
plete digestion in the strictest sense, where
organic matter is totally oxidized, may not
have occurred. However, because the organic
content of bone is quite low (i.e., principally
collagen), incomplete oxidation would not
be expected to be troublesome for our ana-
lytical procedure in which Zeeman-effect
AAS systems can handle large amounts of
background absorption. Nonetheless, the
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Table 4. The differences between core and surface tibia lead concentrations in nine adult human cadaver
tibiae that fell into high and low concentration groups.

Coefficient SE Tukey-adjusted
Comparison (µg/g) (µg/g) p-value

Core tibia high-lead group vs. core tibia low-lead group 8.3 1.7 0.0012
Core tibia high-lead group vs. surface tibia high-lead group –8.4 1.3 < 0.0001
Core tibia high-lead group vs. surface tibia low-lead group 3.1 1.9 0.38
Core tibia low-lead group vs. surface tibia high-lead group –16.7 2.1 < 0.0001
Core tibia low-lead group vs. surface tibia low-lead group –5.2 0.9 0.0004
Surface tibia high-lead group vs. surface tibia low-lead group 11.5 2.3 0.0010

Table 3. Model of the proximal–distal location (–8 to +8 cm) variation in core and surface tibia lead con-
centrations in nine adult human cadaver tibiae.

Term Coefficient Standard error p-Value

Core tibia high-lead group intercept (µg/g) 16.9 1.4 < 0.0001
Core tibia low-lead group intercept (µg/g) 8.6 1.0 < 0.0001
Surface tibia high-lead group intercept (µg/g) 25.3 1.9 < 0.0001
Surface tibia low-lead group intercept (µg/g) 13.7 1.3 < 0.0001
(Proximal–distal location) (µg/g/cm) –0.11 0.02 < 0.0001
(Proximal–distal location)2 (µg/g/cm2) –0.028 0.004 < 0.0001

Figure 2. The proximal–distal location variability in human tibia lead concentrations measured using
ETAAS with acid digestion for both core and surface tibia samples. Solid lines are the best-fit models
shown in Table 3. Error bars represent the SEM of the observed concentrations.
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homogenization protocol was validated
against NIST SRM 1400 bone ash. There
was a small difference (< 0.2 µg/g) between
the measured and certified concentration of
the NIST SRM 1486 bone meal samples,
but this difference is analytically insignificant
and would not be expected to be trouble-
some for the analytical procedure used in this
study.

Surface tibia lead concentration exceeds
core tibia lead concentration. Our data sug-
gest that surface tibia lead concentration
exceeds core tibia lead concentration, inde-
pendent of proximal–distal location. There
are, however, few tibiae in this study, and
further work would be required to more rig-
orously examine these observations or to
examine the same questions in bones from
other groups, such as children. The observa-
tion that surface tibia lead was significantly
greater than core tibia lead may result from a
greater bone modeling rate at the surface.

The observation that surface tibia lead
concentration significantly exceeds core tibia
lead concentration may render meaningless
comparisons between K-shell and L-shell
X-ray fluorescence measurements of lead in
bone. Photon attenuation considerations
dictate that LXRF samples only the superfi-
cial 1–2 mm of the tibia, whereas KXRF
samples lead throughout the cross-section of
the tibia (although with better detection effi-
ciency for lead in the tibia surface). Because
the actual lead concentrations are different
in the core and surface of the tibia, there is
little reason why LXRF and KXRF should
agree. This consequence for the comparison
between LXRF and KXRF says nothing
about the usefulness of each in predicting
biological or health outcomes.

Proximal–distal variability in tibia lead.
Core and surface tibia lead decreased in a
nonlinear manner toward the ends of the
dissected tibia cross-sections. For complete-
ness, it should be noted that if we assume
that the tibia lead concentration is greatest at
the proximal–distal midpoint of the tibia,
then the midpoints of our dissected cross-
sections appear to be offset from the mid-
point of the entire tibia by 2–4 cm (Figure
2). It is unlikely that the decrease in tibia
lead concentration toward the ends of the
tibia cross-sections is an end effect because
the extremities sampled were always several

centimeters away from the tibia epiphyses.
This observation contrasts with a report
from our laboratory (12) that the ends of the
tibia gave higher 109Cd-based KXRF bone
lead concentrations as a result of a higher
degree of trabecular bone (which increases
the 109Cd-based KXRF-measured concentra-
tion) at the ends of the tibia. The effect of
proximal–distal measurement location on
tibia lead concentration has been examined
in other studies using AAS. Wittmers et al.
(6), in a study of human bone, reported no
significant variability, but Zong and col-
leagues (8,16), who studied lead-dosed goat
bones, reported an increase in lead concen-
tration at the ends of the tibiae in some ani-
mals. This is contrary to our current
observations but consistent with the 109Cd-
based KXRF observations reported previously
(12). However, it should be reiterated that
the tibia cross-sections analyzed in this report
did not extend to the epiphyses, and it is pos-
sible that data from more extreme proximal
and distal locations would render the loca-
tion trends statistically nonsignificant.

Evidence for contiguous inhomogeneity
(hot spots). One pair of measurement loca-
tions in one tibia differed in lead concentra-
tion by more than their peers; there was,
therefore, the minimum possible evidence of
inhomogeneity in the distribution of lead in
the tibia. The localized region was one of
uncharacteristically low tibia lead concentra-
tion (i.e., a cold spot). This is qualitatively
consistent with a report of locally low tibia
lead concentration measured by 109Cd-based
KXRF (12). Contiguous inhomogeneity
(i.e., localized hot spots or cold spots) in the
distribution of lead in tibia was not reported
in previous studies using AAS (6,8,16). Our
observation of a relatively low lead concen-
tration may indicate that bone in this region
may have lower blood flow in the Haversian
canals and consequently less lead in blood
available for uptake into bone during bone
resorption. 

Conclusion

Bone lead measurements performed on a
small number of tibiae showed that lead was
enriched at the tibia surface relative to the
core and that lead concentrations were sig-
nificantly lower toward the proximal and
distal ends of the dissected tibia sections.
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